A modified Benedict-Webb-Rubin (MBWR) equation of state has been developed for R152a (l,I-diftuoroethane). The correlation is based on a selection of available experimental thermodynamic property data. Single-phase pressure-volume-temperature (PV1), heat capacity, and sound speed data, as well as second virial coefficient, vapor pressure, and saturated liquid and saturated vapor density data, were used with multi-property linear least-squares fitting to determine the 32 adjustable coefficients of the MBWR equation. Ancillary equations representing the vapor pressure, saturated liquid and saturated vapor densities, and the ideal gas heat capacity were determined.
Introduction
Mixtures containing Rl52a (I,l-diftuoroethane) are being considered as possible replacements for R12 (dichlorodiftuoromethane) for use in small and medium-sized air conditioners and heat pumps. Mixtures of R152a with R22 (chlorodiftuoromethane) and/or other HCFCs (hydrochloroftuorocarbons) are of the greatest interest. In order to design energy efficient heating and cooling systems that will incorporate these refrigerants, knowledge of their thermodynamic properties is essential. In this work, experimental thermodynamic
Experimental Data
The MBWR equation determined for R152a was based upon an extensive set of experimental data. "The temperature reported in the source paper was on the IPTS-68; the value listed here has been converted to the ITS-90. bThe temperature in the source paper was on an unspecified scale. cThe triple point pressure of Blanke has units of Pa. chosen over that of Higashi et al. 1 because upon extrapolation the majority of the experimental vapor pressure data exhibited a trend towards the Tillner-Roth 2 value at the critical point.) Table 2 lists the reported saturation data and the ideal gas heat capacity data. Table 3 summarizes the available pressure-volume-temperature (PV1), specific heat, and speed of sound data. The data sets used in the correlation included both liquid and vapor phase data that covered large ranges in temperature and pressure. (All temperatures in this work are on ITS-90; data that were measured on the IPTS-68 were converted to ITS-90 before being fitted to the MBWR equation.) Figure 1 shows the temperature and pressure ranges of the PVT data used in the correlation. Figure 2 is a simIlar plot for the heat capacity and speed of sound data. These data are discussed below in more detail in conjunction with the fits of the respective properties.
Ancillary Equations
Equations that accurately represent the vapor pressure, saturated-liquid density, saturated-vapor density and the ideal gas heat capacity are needed. These ancillary equations (and their derivatives) are used by the MBWR fitting routine to define the saturation boundary and calculate values for other thermodynamic properties. The ancillary equation for the ideal gas heat capacity must be used with the MBWR equation for a complete description of the thermodynamic properties, but the ancillary equations for the saturation boundary are used only in the fitting process; they are not part of the final equation of state.
The equation used to represent the vapor pressure P u of R152a is .
In[ P u] = lX07+ lX171.5+ lX2?+ lX3 74+ lX476.5 P e [1] [2] [3] [4] [5] [6] [7] (1) where r=1-T1Tc,Tc is the critical temperature, Pc is the critical pressure, and the fitted coefficients (Xi are given in Table 4 . Equations (2) and (3) were used to represent the saturated liquid density PL arid the saturated vapor density Pv:
where Tr= TIT c ' [3=0.325, and Zc= P cf{PcRTJ. Equation (2) for the saturated liquid density is an extension of a commonly used form. sity is a form suggested by Friend et al. 3 It approaches the ideal gas limit at low temperatures and pressures and has the correct shape near the critical temperature. The coefficient f 0 is fixed by the do term in the saturated-liquid density equation by f 0 = dol (l -( lIZ c » ensuring that the saturated-liquid and vapor density curves join smoothly at the critical point. The ideal gas heat capacity is given by a simple polynomial in reduced temperature C; 2 3 where R is the gas constant, 8.314 471 J/(mol K) (Mold· over).4 The coefficients for the ancillary equations are giver in Table 4 .
The fits of the experimental data to the ancillary equation! are depicted in Fig. 3 . Table 2 and (2) bias, defined as
The average absolute deviation (AAD) is a measure of the overall quality of the fit, and the bias is a measure of systematic differences between the data and the equation. The vapor pressure equation (Eq. (1)) was fitted to a selection of the data of 2 Blanke and Weiss, 5 Higashi et al., 1 and Silva and Weber. 6 Blanke and Weiss 5 measured vapor pressures down to the triple point, but at temperatures below about 190 K, the pressures are so low (less than 3 kPa) that the stated uncertainty of the pressure measurement (0.005 kPa) produces a large relative error. In this low temperature region, we used vapor pressures derived from the saturated heat capacities C (J" of Magee. 7 These were calculated using a variation of the method described by Weber. 8 (Weber 8 (1)) with the T vs P polynomial yields a saturation temperature. That temperature was then used in the density vs temperature polynomial to calculate a saturated liquid density. There are no direct measurements of saturated vapor density below 338 K. For the lower temperatures, saturatedvapor densities were derived from the intersection of a second virial surface with the vapor pressure ancillary equation. The second virial coefficients of Gillis II (derived from speed of sound measurements) were used in this process.
The ancillary equation for ideal gas heat capacity was based primarily on the values of Gillis, II which are derived from hiS vapor phase speed of sound measurements. to ex- Density (moIlL) tend the range of the fit. the values of Chen et al. 12 at 100, 150. and 500 K were also included in the fit: these points were calculated using spectroscopic data and the methods of statistical mechanics. Deviations are shown in Figure 3d . The coefficients of the MBWR equation are given in Table  5 . These coefficients are based on pressures in bar, temperatures in K, densities in mollL, and the value of the gas constant of Moldover,4 R=0.083 144 71 (bar L)/(mol K). All other thermodynamic properties can be calculated using a pressure-explicit equation of state, as detailed by Younglove and McLinden. IS The MBWR fitting process is iterative. It begins with an initial set of 32 coefficients and the saturation boundary as defined by the ancillary equations. Weights are assigned to the data by two different methods: (1) a propagation of uncertainty as described by Hust and McCarty, 19 and (2) manually with respect to data type (e.g., PVT or C v )' individual data sets, or temperature, pressure, or density regions. New coefficients are determined by the linear least-squares method developed by Hust and McCarty. 19 Then, weights are 
MBWR Equation of State

Saturation Boundary
The deviations of the values predicted by the MBWR equation from the ancillary equations for vapor pressure, saturated liquid density, and saturated vapor density are shown in Fig. 4 . The vapor pressure and the saturated liquid density values agree well over the entire temperature range (triple point to critical temperature). The average absolute deviation and bias of the ancillary equation for vapor pressure to the MBWR equation were AAD=O.043% and bias =0.009%. The statistics for the saturated liquid and saturated vapor densities were AAD=0.007%, bias=0.004% and AAD =0.623%, bias=0.618% respectively. U 60. '0 .. §. 1000. r-<'---+--+--'--+----i---~~~~~"'"t_-__+_"""_~~--+-___t__;_~~+___if_____"_;__!_~_'__;____t__;__-----.~-I 1000.
Single-Phase P VT Data
'0 c: tions of state. It is not, however, our primary intent to fit the critical region, because it is not of significant interest for refrigeration calculations. Therefore, points in the critical region are often excluded (or given very low weight) so as not to decrease the accuracy of the fit in other regions. Figure 6 shows deviations of second virial coefficients predicted by the MBWR equation from experimental values. The maximum percent deviation is 5.90%. Figure 7 shows deviations of values predicted by the MBWR equation from experimental values for saturated and isochoric heat capacities of Magee.
Heat Capacity and Speed of Sound Data
7 Saturated heat capacItIes C (J had an absolute average deviation of 1.238% and isochoric heat capacities C v 0.794%. Deviations of both C (J and C v increase systematically with increasing temperature. No experimental isobaric heat capacity data were used in the MBWR correlation of R152a. However, the isobaric heat capacities of Porichanski et al. 22 and Nakagawa et al. 23 are represented by the MBWR very well, as shown in Fig. 8 . Except near the critical point and at high temperatures, most of the data are predicted within ±2%. Fourteen points of sure range with one small exception. The speed of sound does not go to zero at the critical point as it should. This is a common defect of analytical equations of state.
Summary and Conclusions
Experimental thermodynamic property data covering temperatures from 162 K to 453 K and pressures up to 35 MPa have been used to fit the thermodynamic surface of R152a with a 32-term modified Benedict-Webb-Rubin (MBWR) equation of SlaW. Results of values predicted by the equation have been compared to experimental data. These comparisons show that the overall representation of the data is excellent. In addition, examination of derived properties has shown that the fit should be valid upon extrapolation to temperatures of 500 K and to pressures of 60 MPa. The upper limit of 500 K is somewhat of academic interest as thermal decomposition has been reported at 450 K and above (Dressner) ?5 In practical terms, we can say that the equation of state accurately represents the properties of R152a over the entire range of interest.
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Appendix
This appendix presents tables (Tables 6 and 7) for the properties of R152a and also a diagram of the thermodynamic surface on pressure-enthalpy coordinates (Fig. 13) . Following usual engineering practice, temperatures are in °C and all properties are on a mass basis. The reference states for enthalpy and entropy follow the convention of the International Institute of Refrigeration, h =200 kJ/(kg K) for the saturated liquid at 0° C, and s ~ 1.00 kJ/(kg K), also for the saturated liquid at 0° C. 
